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Abstract
This paper used MTS815.02 Electro-Hydraulic Servo-controlled Rock Mechanics Testing System to conduct seepage 
experiments in broken sandstones which had different porosity and different particle sizes. It studied the effect of 
porosity and particle size of broken sandstones on non-Darcy flow in broken sandstones. Experimental results 
showed that the broken sandstones with smaller porosity had more obvious non-Darcy property than the broken 
sandstones with the same particle size. Based on the experimental data obtained, this paper got the relationships that 
how permeability K and non-Darcy flow factor β varied with porosity and particle size and the equations that porosity 
and particle size had a combination effect on permeability K and non-Darcy flow factor β by using 1stOpt software.
Finally, through the analysis of experimental results, the cause of non-Darcy flow in broken rocks was discussed.
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1. Introduction
When fluid flows through porous medium, its flow characteristics are not unique under different
conditions. The factors that affect fluid flow characteristics are currently boiled down to three aspects [1-2],
the pore structure of porous media, the nature of fluid and the interaction between fluid and porous 
medium. The linear Darcy's law, which is obtained from the test that uses the specific porous medium and 
the Newtonian fluid, has limitations to its application. A large number of experiments have showed that 
the flow of fluid in broken rocks deviates from the Darcy's law and has non-linear characteristics. In 2002, 
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Liu YQ, Li YS and Sun MG [3], by conducting the seepage test in broken rocks, have come to a 
conclusion that the flow of fluid in broken rocks is non-Darcy flow. In 2008, Li SC et al [4] have obtained 
the characteristics of non-Darcy flow through a lot of tests in different broken rocks under pressure
condition. According to the previous researches, it can be seen that the previous studies mainly focus on
the characteristics of non-Darcy flow in broken rocks. There are few researches on the cause of non-
Darcy flow in broken rocks. Therefore, this paper will discuss the mechanism of occurrence of non-Darcy 
flow in broken rocks, based on the effect of the pore structure of broken rocks on seepage movement of 
fluid.
2. Seepage test in broken rocks and results analysis
2.1 Experimental principle and testing method
The test uses MTS815.02 Electro-Hydraulic Servo-controlled Rock Mechanics Testing System in 
China University of Mining and Technology, and selects sandstone specimen which have uniaxial 
compressive strength of 57.5MPa and density of 2.48g/cm3. Before the test, break sandstone into pieces 
first, and then divide the broken rocks into four groups according to their particle sizes which are A (1 ~ 
1.25mm), B (2 ~ 2.5mm), C (4 ~ 5.0 mm), D (8 ~ 10mm). Take some broken rocks from each group as 
new ones and mix every two new groups together according to the before and after order of new groups in 
the proportion of 1:2, from which three mixed groups are made, they are A+B，B+C and C+D.
Having prepared the sample, the test begins to use steady method to obtain the permeability of the 
broken rocks. The specific steps are as follows: First, Do seepage test in broken rocks under no pressure
condition. Then use displacement control method to control the axial displacement of rock samples, so 
that porosity of rock samples with different particle size respectively come to the default value: 0.35, 0.3,
0.25, 0.2, 0.15 and 0.1. At each level of axial deformation, water flow speed is controlled by controlling 
piston speed which is in the pore water pressure cylindrical tank. The value of axial deformation Δh at 
each level is calculated as follows:
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Where, h0 is the original specimen height; n is the initial porosity; and n' is pressurized porosity.
Flow velocity v is calculated from the speed of booster piston in the pore pressure system v1:
1
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=
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Where, d is the diameter of booster piston; and D is the diameter of steel tube.
2.2 Results and analysis
According to the scheme, the experimental data automatically collected by computer system is 
processed, from which the curves of seepage velocity and pore pressure gradient of samples with uniform 
particle sizes and samples with mixed particle sizes are drew. Figure 1 shows the curve of seepage 
velocity and pore pressure gradient of sample which has particle size of 8 ~ 10mm and porosity of 0. 15.
It can be seen from the figure 1 that there is not a simple linear relationship between seepage velocity and
pore pressure gradient, which means that water flow in broken rocks is not Darcy flow. Figure 2 shows 
seepage velocity and pore pressure gradient of rock sample with particle size of 1 ~ 1.25 mm at different 
axial displacements. From the figure 2, it can be seen that the greater axial displacement the sample has,
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the more obvious non-Darcy flow phenomenon it shows. The test results of the rest of samples have the 
same qualitative rules.
Each class of seepage velocity v and the stable value of the pressure gradient is performed binomial 
Fitting, we get the equation as follows:
bvav
x
p
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∂
∂ 2                 （3）
And one-dimensional non-Darcy flow equation is expressed as:
v
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So comparing the coefficients of fitting equation with that of one-dimensional non-Darcy flow 
equation, we get Formula about β and formula about k
ρ
β a−=                   （5）
b
k
µ
−=                   （6）
Where β is a non-Darcy flow factor, m-1; ρ is the density of fluid, kg/m3; k is permeability, m; μ is 
fluid dynamic viscosity, pa • s.
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Fig.1 the curve of seepage velocity and Pore pressure gradient For Fig.2 the curve of seepage velocity and Pore pressure gradient
broken sandstone with particle size of  8-10mm and porosity of 0.15 for 1-1.25mm broken sandstone at various axial displacements
3 Research on factors affected the characteristic index of non-Darcy flow
3.1 Effects of porosity on non-Darcy flow
According to equation (3)、(5) and (6), the permeability k and non-Darcy flow factor β are calculated 
respectively. Table 1 shows the test results that water steadily flows in sample with particle size of 1 ~ 
1.25mm. From table 1, it can be seen that along with the decrease of porosity, the permeability decreases 
and non-Darcy flow factor increases. Figure 3 to Figure 6 respectively shows the relationships of 
permeability and porosity of rock samples with a single particle size or mixed particle size as well as the 
relationships of non-Darcy flow factor β and porosity of the rock samples. After further analysis, it can be 
obtained that permeability k 、non-Darcy flow actor and porosity respectively have a relationship of
power function as to the same samples 
Table 2 lists the fitting equations of the permeability and porosity of rock samples with different 
particle size as well as that of non-Darcy flow β factor and porosity. From the table 2, it can be seen that 
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correlation coefficients of power function of majority of the samples are above 0.9, and the larger the 
particle size is, the Greater correlation coefficients.
Table.1 Seepage properties for 1mm―1.25mm broken sandstone
Axial deformation
h∆ / mm
porosity
N
Piston velocity
v1 / (mm/s)
Seepage velocity
v/ (m/s)
Pore pressure gradient
J/ (MPa/m)
permeability
k /m2
Non-Darcy 
flow
β /m-1
30/180 3.13×10-5 0.168753
0 0.393 60/180 6.25×10-5 0.207754 3.52×10-13 15.062×109
90/180 9.38×10-5 0.384710
30/180 3.13×10-5 0.120075
7.6 0.35 60/180 6.25×10-5 0.333366 2.79×10-13 22.260×109
90/180 9.38×10-5 0.484968
30/180 3.13×10-5 0.244141
13.3 0.3 60/180 6.25×10-5 0.357589 1.92×10-13 33.289×109
90/180 9.38×10-5 0.635548
30/180 3.13×10-5 0.281086
17 0.25 60/180 6.25×10-5 0.600494 1.14×10-13 54.265×109
90/180 9.38×10-5 0.735783
30/180 3.13×10-5 0.555550
24.1 0.2 60/180 6.25×10-5 0.835506 0.62×10-13 96.843×109
90/180 9.38×10-5 1.212429
30/180 3.13×10-5 0.790332
28.6 0.15 60/180 6.25×10-5 1.993840 0.5×10-13 176.55×109
90/180 9.38×10-5 3.466619
30/180 3.13×10-5 1.662571
32.6 0.1 60/180 6.25×10-5 4.065156 0.24×10-13 423.07×109
90/180 9.38×10-5 7.390889
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Fig.3 the curve of permeability and porosity for                               Fig.4 the curve of permeability and porosity 
broken rocks with single particle size                                               for broken rocks with mixed particle size
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Table.2 The regression equation of permeability, β factor varied with porosity
Particle size
n / mm
Regression equation of 
permeability
k /m2
correlation 
coefficient
R2
Regression equation of factorβ
β/m-1
correlation 
coefficient
R2
1~1.25 k = 19.802n1.9714 0.9729 β= 2.8229 n -1.5789 0.8805
2~2.5 k = 55.117n2.0018 0.9625 β= 1.4136 n -2.0507 0.9093
4~5 k =305.67n2.3536 0.9534 β= 1.0969 n -2.4511 0.9495
8~10 k =1607.7n2.3449 0.9768 β= 1.8662 n -2.3757 0.9932
1~1.25/2~2.5 k =9.4542n1.5768 0.9585 β= 0.2856 n -3.4307 0.8758
2~2.5/4~5 k = 32.064n1.8997 0.9585 β=0.2529 n -2.7836 0.9696
4~5/8~10 k =79.103n1.7135 0.9493 β = 0.4855 n -2.8361 0.9767
3.2 Effects of particle size on non-Darcy flow
The relationship of Permeability and particle size is shown in figure 7, and the relationship of non-
Darcy flow factor and particle size is shown in figure 8. From the figure 7 and figure 8, it can be seen that 
permeability grows with the growth of particle size of sample, while non-Darcy flow factor decreases. It 
also can be seen that permeability and porosity have a relationship of power function as well as non-
Darcy flow factor and porosity. The fitting equations of permeability and particle size of samples with 
different porosity are listed in table 3, so do that of non-Darcy flow factor and particle size. The 
correlation coefficients of the equations generally reached 0.94 or more.
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Fig.7 the curve of permeability and particle size                        Fig.8 the curve of non-Darcy flow factor β and particle size
Table.3 The regression equation of permeability, factor β and grain sizes
porosity
d
Regression equation of 
permeability
k /m2
correlation 
coefficient
R2
Regression equation of factor β
β/m-1
correlation 
coefficient
R2
0.1 k =0.1706d1.7617 0.9783 β= 400.51d-0.8519 0.9548
0.15 k = 0.3215d1.83 0.9767 β= 199.14d-0.5124 0.979
0.2 k = 0.407d1.8978 0.9671 β= 100.31d-0.3765 0.9963
0.25 k =0.8548d1.775 0.987 β=58.246d-0.3405 0.9885
0.3 k =1.4558d1.7195 0.9932 β=34.013d-0.3355 0.9955
0.35 k = 1.8843d1.888 0.9889 β=24.45d-0.4343 0.9431
3.3 Combined effects of Porosity and particle size on non-Darcy flow
The above analysis shows that permeability as well as non-Darcy flow factor has a relationship of 
power function with porosity and particle size respectively. So 1stOpt (Fist Optimization) can be used to 
perform binary statistical analysis for experimental data. By using it, the equation of permeability, 
porosity and particle size is obtained: 
08.226.26106179.2k dn××= −               （7）
Similarly, the equation of non-Darcy flow factor, porosity and particle size can also be get:
04.177.2
6105972.0
dn
×
=β
                （8）
From the equation obtained, it can be seen that permeability is proportional to the porosity of 2.26
power and to the particle size of 2.08 power; while non-Darcy flow factor is inversely proportional to the 
porosity of 2.37 power and to the particle size of 1.04 power.
4 Discussion of non-Darcy flow mechanism in Granular rock
Accumulation of rock particles is a granular porous medium. And the Granular porous medium can be 
seen as a network system which is made of interconnected and random pipe space. The pipe network 
system of granular porous medium is greatly different from that of porous medium with complete 
skeleton, and the main difference is that granular porous medium has less invalid pores and more 
bifurcation than porous medium with complete skeleton, because of the better connectivity than porous 
medium with complete skeleton, granular porous medium has more complex channel that fluid flows
through 
The complex network system in broken rocks is a direct cause that makes non-Darcy flow occur. 
Because there are a large number of bifurcations, mergers and mutation profiles existing in the network 
system which is not made of simple pipes, the fluid that flows in a granular porous medium is not only 
affected by frictional resistance, but also influenced by local resistance at countless places in network 
system. Local resistance is proportional to velocity of the square, which indicates the seepage movement 
of fluid in granular porous medium has the characteristics of non-Darcy flow.
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With the decrease of porosity and particle size, points of local resistance per unit volume in granular 
porous medium increase, which makes non-Darcy flow factor β increases. The decrease of porosity also 
makes the actual flow velocity within the pores grow when the apparent velocity keep constant, thus non-
Darcy flow factor β has an obvious increase with decrease of porosity.
5 Conclusion
A seepage test is conducted in broken sandstones with different particle size and porosity. After 
analysis of the test results, several conclusions are draw as follows:
(1) Permeability of granular rocks decreases with the decrease of porosity, but non-Darcy flow factor β
increases.
(2) When a single particle size of granular rock has the same porosity as another, the greater the 
particle size of granular rock is, the greater the permeability, but the smaller the non-Darcy flow factor β.
(3) When fluid flows in porous media, a large number of local resistances exsiting is a direct reason 
that causes non-Darcy flow.
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